The mutM (fpg) gene, which encodes a DNA glycosylase that excises an oxidatively damaged form of guanine, was cloned from an extremely thermophilic bacterium, Thermus thermophilus HB8. Its nucleotide sequence encoded a 266 amino acid protein with a molecular mass of ∼30 kDa. Its predicted amino acid sequence showed 42% identity with the Escherichia coli protein.
INTRODUCTION
Oxidative DNA damage is caused by reactive oxygen species formed in cells as by-products of aerobic metabolism or oxidative stress (1, 2) . Such reactive oxygen contributes to the rate of spontaneous mutation and has been implicated in aging and a number of diseases including cancer (3, 4) . The 8-oxoguanine (GO) lesion is one of the most stable products of oxidative DNA damage (5) . As GO pairs with not only cytosine (C) but also adenine (A), it causes guanine (G) to thymine (T) transversion (6, 7) . In the average mammalian cell, 100 000 GO DNA lesions are formed per day (8) . To prevent mutation due to G to T transversion, organisms ranging from bacteria to higher eukaryotes have the ability to recognize GO:C pairs and to excise GO bases (9) (10) (11) (12) (13) (14) . Yeast OGG1 protein shows this activity, and its gene has recently been cloned (11) . OGG1 homologs from mouse and human have also been cloned (12) (13) (14) (15) (16) . To understand the nature of cancer susceptibility in humans, studies of repair proteins that prevent mutagenesis have been widely performed. These have clarified that hereditary non-polyposis colon cancer is due to deficiencies in the human homologs of the MutS and MutL protein of Escherichia coli (17) . Therefore, study of the protein responsible for repairing GO lesions may also provide important information on the pathogenesis of cancer.
In E.coli, the MutM protein (formamidopyrimidine DNA glycosylase, Fpg protein) removes GO lesions efficiently from GO:C pairs (9, 18) . The MutM protein is a globular monomer with a molecular mass of ∼30 kDa (19) , and has three enzymatic activities: (i) DNA glycosylase activity which excises various damaged bases including GO lesions from DNA to produce an aldehydic abasic site, (ii) apurinic/apyrimidinic (AP) nicking activity that cleaves both the 3′-and 5′-phosphodiester bonds at an AP site (20) and (iii) deoxyribophosphodiesterase (dRpase) activity (21) . Recently, it was demonstrated that the amino group of the N-terminal proline of MutM protein acts as a nucleophile in the glycosylase and AP-lyase reaction (22) . An experiment using site-directed mutagenesis of E.coli MutM protein has suggested that the Lys 155 residue of the protein interacts directly with the C8 oxygen of GO (23) . However, details of the mechanisms by which the MutM protein recognizes and removes GO lesions in these reactions have not been elucidated at the molecular level.
In order to understand the structure-function relationships of this protein at the molecular level, enzymatic and physicochemical analysis including structural analysis is required. For this purpose, a MutM protein more stable than that of E.coli is required. Thermus thermophilus HB8 is an aerobic, rod-shaped, nonsporulating and Gram-negative eubacterium which can grow at temperatures over 75_C (24) . This bacterium is the most thermophilic bacterium for which a gene manipulating system has been established (25, 26) . It has been shown that its proteins are stable against heat, pH and denaturant (27) (28) (29) (30) and easily crystallized (31) (32) (33) . Therefore, they are well suited for physicochemical studies including X-ray crystallography and nuclear magnetic resonance. In this report, we describe the cloning, sequencing and overexpression of the mutM gene from T.thermophilus. The purified MutM protein was stable against heat, pH and denaturant, and had GO DNA glycosylase activity even at high temperature. Furthermore, analysis of denaturation of the T.thermophilus MutM protein suggested that the protein has at least two domains.
MATERIALS AND METHODS

Bacterial strains, media, plasmids and chemicals
All of the E.coli strains and plasmids used in this study are listed in Table 1 . HS641(DE3) was constructed from HS641 using a λDE3 Lysogenization Kit (Novagen). They were grown in LB medium or Terrific broth at 37_C (34) . Thermus thermophilus HB8 was grown at 75_C as described previously (35) . DNA manipulations were carried out using standard procedures (34) . The reagents used were purchased as follows: DNA modification enzymes including restriction enzymes were from Takara Shuzo, Nippon Gene, Toyobo and New England Biolabs; isopropyl-β-D(-)-thiogalactopyranoside (IPTG) was from Wako Pure Chemical; DEAE Sepharose CL-6B, CM Sepharose CL-6B and Sephacryl S-200 HR were from Pharmacia; Phenyl-Toyopearl 650M was from Tosoh; [γ-32 P]dATP was from ICN; a DIG-DNA Labeling Kit and a DIG-Luminescent Detection Kit were from Boehringer Mannheim; GO containing oligonucleotide and E.coli MutM protein were from TREVIGEN. The DNA oligomers used were purchased from Nihon Seifun or Sawady Technology. All other reagents used in this study were of the highest grade commercially available.
Cloning, sequencing and overexpression of the T.thermophilus mutM gene
Two highly conserved regions taken from six MutM proteins [E.coli (36) , Haemophilus influenzae (37), Neisseria meningitidis (group B) (38) , Bacillus firmus (39) , Lactococcus lactis (40) , Streptococcus mutans (41) ] were used as the bases for the designed synthesis of mixed oligonucleotide primers for the polymerase chain reaction (PCR). The left and right mixed oligonucleotide primers were 5′-GCC(G/C)GAGCT(G/C)CC-(G/C)GA(A/G)GT(G/A/T/C)GA-3′ and 5′-(C/T)TCGTT(G/C)GC-GTA(G/A/T)AT(A/G)TT(G/A/T/C)CC-3′, respectively (see arrows in Fig. 2 ). Using these primers and T.thermophilus HB8 genomic DNA as a template, part of the T.thermophilus mutM gene (Fig. 1 , bold line) was amplified by PCR under the conditions described previously (35) . Using the DIG-labeled PCR fragment as a probe, the cosmid clone containing T.thermophilus mutM gene was selected from a T.thermophilus genomic DNA library by Southern hybridization. A DNA fragment of ∼3 kb carrying the entire mutM gene from the cosmid clone was subcloned into plasmid pUC119, and the resulting plasmid was named pMC1 (Fig. 1) . To determine the location of the mutM gene, the nucleotide sequence of the DNA fragment on the pMC1 was determined on one strand by sequencing the nested deleted templates which were prepared by the ExoIII-S1 method (34) . A DNA fragment of ∼1 kb of the AfaI-HindIII region of the deleted pMC1 was subcloned into plasmid pUC119 and the resulting plasmid was named pMC2 (Fig. 1) . The entire nucleotide sequence of the DNA fragment on pMC2 was determined on both strands. All the above sequences were determined by the dideoxy method (Applied Biosystems, Taq cycle sequencing system) using a model 373S ABI automated DNA sequencer. An NdeI restriction site was created at the first ATG codon of the T.thermophilus mutM gene by PCR-available site-directed mutagenesis. The pair of DNA primers used for the PCR were 5′-GGTGAATTCATATGCCCGAGCTTCCCGAGGTG-3′, where the underlining indicates the NdeI site and 5′-CACCTC-CAGGATCCGCCTCCCC-3′, where the underlining indicates the BamHI site. A DNA fragment of ∼150 bp was amplified by PCR using pMC2 as a template. The nucleotide sequence of the amplified fragment was confirmed by the dideoxy method. The fragment was ligated with the BamHI and HindIII fragment from pMC2, and the resulting plasmid was named pMC3 (Fig. 1) . The pMC3 fragment containing the T.thermophilus mutM gene was ligated with the pET3a vector to construct the mutM gene under regulation by the T7 promoter. The resulting plasmid, named pMT1, was used to transform the E.coli strain HS641(DE3) harboring the plasmid pLysE. The transformant was cultivated at 37_C in LB medium containing 50 µg/ml ampicillin and 25 µg/ml chloramphenicol until the density of the culture reached 4 × 10 8 cells/ml. The cells were then incubated for a further 2 h in the presence of 50 µg/ml IPTG and then harvested by centrifugation and stored at -80_C.
Complementation test
Mutation frequencies in the E.coli mutM mutY double mutant (YG5132) harboring the appropriate plasmid were assessed by measuring the frequency of mutation to rifampicin resistance (42) . Escherichia coli cultures were grown until stationary phase, and then the cells were diluted and plated onto LB medium containing either 50 µg/ml ampicillin alone or combined with 50 µg/ml rifampicin. After incubation at 37_C, the numbers of colonies were counted. The mutation frequencies were calculated as the rate of formation of colonies resistant to rifampicin relative to those resistant to ampicillin.
Purification of T.thermophilus MutM protein
All the procedures described below were performed on ice or as close to 4_C as possible. Frozen cells (10 g) were thawed, suspended in 90 ml buffer I [50 mM Tris-HCI (pH 7.5), 5 mM 2-mercaptoethanol, 500 mM NaCl and 10% (v/v) glycerol] and disrupted by sonication. Brij-58 was added to give a final concentration of 0.5% (w/v). Then, the cell lysate was stirred for 30 min, incubated at 60_C for 30 min and centrifuged (30 000 g) for 40 min. Following this, 200 µl of 500 mM EDTA was added to the supernatant. Then, the supernatant was applied to a DEAE Sepharose CL-6B column (bed volume 50 ml) that had been equilibrated with buffer I containing 1 mM EDTA. The column was then washed with 150 ml of the same buffer and the fraction passing through the column was collected. Ammonium sulfate was added to the fraction to give a final saturation of 10%. Then, it was loaded onto a Phenyl-Toyopearl 650M column (bed volume 20 ml) previously equilibrated with buffer II [50 mM Tris-HCI (pH 7.5), 5 mM 2-mercaptoethanol, 1 mM EDTA and 10% (v/v) glycerol] containing 15% saturated ammonium sulfate. This column was washed with 40 ml of the same buffer, and the proteins were eluted with a linear gradient of ammonium sulfate ranging from 15 to 0% saturation in a total volume of 100 ml of buffer II. Fractions containing the MutM protein were diluted with a 5-fold volume of buffer II, and loaded onto a CM Sepharose CL-6B column (bed volume 20 ml) previously equilibrated with buffer II. The proteins were eluted with a linear gradient of sodium chloride ranging from 0 to 500 mM in a total volume of 100 ml of buffer II. Fractions containing MutM protein were loaded onto a Sephacryl S-200 HR column (bed volume 450 ml) previously equilibrated with buffer III [20 mM HEPES (pH 7.7), 0.1 mM EDTA ,1 mM DTT and 10% (v/v) glycerol] and eluted with the same buffer. The peak fractions were concentrated and then stored at 4_C. At each step, the column fractionation pattern was analyzed by SDS-polyacrylamide electrophoresis on gels containing 12.5% (w/v) acrylamide (43) . The purity of the protein obtained was >98% (Fig. 3) . The final amount of purified MutM protein was 20 mg and the yield was 1 mg protein/g cells.
The N-terminal sequence of the protein was determined with a gas-phase protein sequencer (Applied Biosystems, model 473A). The molar extinction coefficient of T.thermophilus MutM protein was calculated to be 10 300 M -1 cm -1 at an absorption maximum of ∼278 nm, using the procedure described previously (44) .
Quantitative analysis of zinc
Zinc was quantified by flame atomic absorption spectrometry, using a Hitachi atomic absorption spectrometer, model Z-5000. The wavelength was set at 213.9 nm. A calibration curve was constructed using zinc sulfate solutions of 0.250 and 0.500 mg/l. Each sample was analyzed in duplicate. The concentration of zinc in 3.26 µM MutM protein was 3.03 µM.
Spectroscopy
Circular dichroism (CD) measurements were made on a Jasco spectropolarimeter, model J-720W.
Thermodynamic analysis of denaturation curve
The three-state denaturation of the protein would be expected to obey equation 1: 
where θ N , θ I and θ U are the CD signals of the native, intermediate and unfolded protein, respectively, and f N , f I and f U are the fractions of the protein molecules in the native, intermediate and unfolded states, respectively; f N + f I + f U = 1. The fractions are expressed by equilibrium constants as: The equilibrium constants are related to the changes in Gibbs energy as:
The effect of urea on protein stability can be accounted for by equations 8 and 9:
where ∆G 01 and ∆G 02 are the changes in free energy upon unfolding of the native to the intermediate and the intermediate to the unfolded states, extrapolated to zero denaturant concentration, respectively, and m and n represent the dependency of the Gibbs energy for urea concentration.
Since CD signals can be related to the urea concentration as mentioned above, the stabilities of the domains of T.thermophilus MutM protein were determined by fitting these equations to the data.
Assay for GO DNA glycosylase activity
A 24mer synthetic oligonucleotide containing GO, 5′-GAACTA-GTGXATCCCCCGGGCTGC-3′ (where X = GO), was radiolabeled at the 5′-end with [γ-32 P]ATP using polynucleotide kinase. The oligonucleotide was hybridized with the complementary synthetic oligonucleotide, 5′-GCAGCCCGGGGGATCCACTA-GTTC-3′ at 95_C for 10 min, allowed to cool to 30_C at 1_C/min, and placed on ice until use. The reaction was performed in assay buffer [10 mM Tris (pH 7.5), 1 mM EDTA and 50 mM NaCl] containing 0.4 pmol oligonucleotide duplex and 3.3 pmol MutM protein at 37_C or 60_C for 1 h. After adding 2 µl loading buffer [20% Ficoll 400, 20 mM EDTA and 0.25% (w/v) bromophenol blue], the reaction mixtures were loaded onto a 20% (w/v) acrylamide gel containing 7 M urea and 1× TBE buffer (34) . The electrophoresis was carried out in 1× TBE buffer until the blue dye migrated along 2/3 of the gel. The gel was then dried and placed in contact with an imaging plate. The bands were analyzed using a BAS2000 image analyzer (Fuji Photo Film).
RESULTS
Cloning, sequencing and primary structures of the T.thermophilus mutM gene
PCR was used to amplify part of the T.thermophilus mutM gene using primers designed from highly conserved regions among six MutM proteins. The entire length of the mutM gene was cloned as described in Materials and Methods, and its nucleotide sequence was determined. The G+C content of the DNA fragment was 75% (data not shown), which agrees well with that of average genomic DNA from T.thermophilus HB8 (69%) (24) . One open reading frame consisting of 804 nucleotides was found, and this encoded a protein comprising 266 amino acid residues with a molecular mass of 29.9 kDa. The amino acid sequence of T.thermophilus MutM protein is similar to those of the other MutM homologues (Fig. 2) . It showed 42% identity and 61% homology with the E.coli MutM protein, respectively (36) . A zinc finger motif (45), C-(X) 2 -C-(X) 16 -C-(X) 2 -C from residues 239 to 262, which is conserved among all MutM homologues, was also observed in T.thermophilus MutM protein.
Complementation of the high mutagenicity of the E.coli mutM mutY double mutant by the T.thermophilus mutM gene
To investigate whether the T.thermophilus MutM protein had similar activity to that of E.coli, the spontaneous mutation rates of an E.coli mutM mutY double mutant containing the appropriate plasmids were assessed by measuring the frequency of rifampicin resistance mutations in each strain. As summarized in Table 2 , the mutability of the mutM mutY double mutant harboring plasmid pUC118 alone was extremely high. The plasmid carrying the E.coli mutM gene, pYG8301, was able to suppress this high mutability. The plasmid carrying the T.thermophilus mutM gene, pMC4, also suppressed the mutability. Thus, T.thermophilus MutM protein would appear to have the same function as that of E.coli. The plasmid pMC2, which bore the upstream region of the mutM gene, could not complement the E.coli mutM mutY double mutant (data not shown). Although the direction of the T.thermophilus mutM gene in plasmid pMC4 corresponds with that of the lac promoter of the vector, that in plasmid pMC2 was inverse. Therefore, the promoter of the T.thermophilus mutM gene may not be active in E.coli, and expression of the T.thermophilus MutM gene of pMC4 in E.coli may be due to the lac promoter of the vector. This may explain the weaker complementation level by the plasmids harboring the T.thermophilus mutM gene than by those harboring the E.coli one. 
Overproduction and purification of the T.thermophilus
MutM protein
The original clone of the T.thermophilus mutM gene from pMC3 was subcloned into the expression vector pET3a and T.thermophilus MutM protein was overproduced in E.coli. As shown in Figure 3 , an IPTG-induced band was observed at ∼30 kDa, which was identical to the molecular mass calculated from the amino acid sequence of T.thermophilus MutM protein.
In order to analyze its biochemical properties, the T.thermophilus MutM protein overproduced in E.coli cells was purified. After heat treatment, which removed most of the endogenous E.coli proteins, the protein was purified to homogeneity by sequential column chromatography on DEAE Sepharose CL-6B, PhenylToyopearl 650M, CM Sepharose CL-6B and Sephacryl S-200 HR (Fig. 3) . The N-terminal amino acid sequence was found to be P-E-L-P-E-V-E-T-T-R-R-A-L-R-P-L-V-. This sequence was identical to that expected after translation from the nucleotide sequence of the T.thermophilus mutM gene, except that the N-terminal Met residue was truncated. As the MutM protein has a zinc finger motif, its zinc content was determined by atomic absorption spectrophotometry. The purified T.thermophilus MutM protein molecule contained 0.93 zinc atoms. These results suggested that the recombinant T.thermophilus mutM protein retained the complete zinc finger structure. 
Molecular size of T.thermophilus MutM protein
To estimate the molecular size of the native T.thermophilus MutM protein in solution, size-exclusion chromatography was carried out, and this gave a single symmetrical peak representing a molecular mass of ∼25 kDa (data not shown). This indicated that T.thermophilus MutM protein exists as a more compact monomer than the E.coli one in solution, since the molecular mass of the E.coli MutM protein had been estimated to be ∼30 kDa by size-exclusion chromatography (19) .
Secondary structure of T.thermophilus MutM protein
The far-UV CD spectrum of the purified MutM protein was examined to obtain information on the conformation of its polypeptide backbone. It showed negative double maxima at ∼210 and 220 nm (Fig. 4) , characteristic of an α-helical structure, indicating that the recombinant protein was folded but not denatured. Using the method of Yang et al. (46) , the α-helical and β-sheet contents of T.thermophilus MutM protein were estimated from the CD spectrum to be ∼31 and 17%, respectively. In order to predict the common secondary structures among MutM homologues, the Robson prediction (47) was carried out for each MutM protein and the results were compared with each other. The predicted secondary structures which were common over the four species were indicated by letters such as 'a' on the amino acid sequences (Fig. 2) . The α-helical and β-sheet contents of these MutM proteins were estimated to be ∼36 and 14%, respectively. The predicted α-helical and β-sheet contents agreed well with the values estimated from the CD measurement.
Stability of T.thermophilus MutM protein
The stabilities of T.thermophilus MutM protein to temperature, pH and denaturant were examined using the residue molar ellipticity at 222 nm ([θ] 222 ). As shown in Figure 5A , the protein was stable between 10 and 75_C, and it was denatured irreversibly above this temperature. Figure 5B showed that the protein was stable between pH 5 and 11. Against denaturant, the protein was stable in the presence of up to 4 M urea (Fig. 5C) . These results suggest that T.thermophilus MutM protein is considerably stable. 
Domain stabilites of T.thermophilus MutM protein
The denaturation curve of T.thermophilus MutM protein against urea contained two cooperative transitions which were observed at ∼5 and 7 M urea (Fig. 5C ). When domains of proteins have distinct stabilities, proteins have folded and unfolded domains in an intermediate state of denaturation. Therefore, the observation of two transitions in the denaturation curve suggests that the MutM protein has at least two domains. Therefore, the denaturation curve was analyzed thermodynamically with a three-state model as described in Materials and Methods.
The [θ] 222 values measured fitted the theoretical curve well (Fig. 5C) . Then, the stabilities of the domains were estimated to be 8.6 and 16.2 kcal mol -1 , respectively. These results suggest that one domain of T.thermophilus MutM protein is extremely stable. 
GO specific DNA glycosylase activity of T.thermophilus MutM protein
The GO DNA glycosylase activity of T.thermophilus MutM protein was examined using a synthetic oligonucleotide containing GO. As MutM protein has a gap at the position of GO excision (20) , this activity was detected by changes in the oligonucleotide length of the strand containing GO. Thermus thermophilus MutM protein specifically incised oligonucleotides containing GO at both 37 and 60_C, whereas E.coli MutM protein incised at 37_C alone (Fig. 7) . These results indicate that T.thermophilus MutM protein retained its activity in vitro at high temperature, at which E.coli protein lost its activity.
DISCUSSION
The mutM gene from an extremely thermophilic bacterium, T.thermophilus HB8, was cloned and its nucleotide sequence was determined. It encoded a 29.9 kDa protein which had 42% identity with the E.coli protein. This is the first mutM gene to be isolated from a thermophilic bacterium. The T.thermophilus mutM gene was able to complement the high mutability of the E.coli mutM mutY double mutant. This suggests that T.thermophilus has a GO repair system similar to that in E.coli, and that the functions of the MutM protein are the same in the two bacteria.
The purified T.thermophilus MutM protein, overproduced in E.coli, maintained its secondary structure (Fig. 4) and activities (Fig. 7) . Thermus thermophilus MutM protein retained its activity in vitro at high temperature, at which E.coli protein lost its activity (19) . Thermus thermophilus MutM protein also retained its secondary structure up to 75_C at neutral pH. This thermostability could be related to its amino acid sequence. The following amino acid residues, known to be chemically unstable at high temperatures, were decreased in number in T.thermophilus MutM protein compared to those of the E.coli protein: Cys (6-4), Asn (6-2), Gln (10-7) and Met (3-1). All the remaining Cys residues form part of the structure of the zinc finger motif. On the other hand, the number of Pro residues was increased from 17 in E.coli MutM protein to 21 in T.thermophilus. Pro residues have the highest β-turn potential of all the amino acids and play an important role in peptide folding and globular structure formation. They are considered to decrease the entropy of the protein in its denatured state (48) and increase the conformational enthalpy in its native state (49) , thereby increasing protein stability. Similar changes have also been observed in other thermostable proteins (27) (28) (29) 35, 50) . Interestingly, in comparison with the protein of E.coli, Lys residues were decreased from 16 to 3 in the T.thermophilus MutM protein, whereas Arg was increased from 19 to 40. The increase in the number of Arg residues may contribute to an increase in the number of hydrogen bonds to stabilize the protein structure, or may result from the high G+C content of the T.thermophilus mutM gene. Thermus thermophilus MutM protein was also stable against pH (between pH 5 and 11 at 25_C) and denaturant (up to 4 M urea). These results suggest that T.thermophilus MutM protein is not only thermostable but also physically stable. These properties are common to other T.thermophilus proteins (27) (28) (29) (30) . Thermus thermophilus MutM Figure 7 . The GO DNA glycosylase activity of T.thermophilus MutM protein and that of E.coli one. The reaction was carried out in assay buffer [10 mM Tris (pH 7.5), 1 mM EDTA and 50 mM NaCl] containing 0.4 pmol oligonucleotide duplex with GO and each MutM protein at 37 or 60_C for 1 h. The products of the reaction were analyzed by denaturing PAGE (20% polyacrylamide). 24mer corresponds to the oligonucleotide radiolabeled at the 5′-end with γ-32 P, 5′-GAACTAGTGXATCCCCCGGGCTGC-3′ (where X = GO) and 'Product' corresponds to 5′-GAACTAGTG.
protein was found to exist as a more compact monomer than the E.coli MutM protein in solution. A similar phenomenon has been observed for T.thermophilus aspartate aminotransferase, which is also more compact than that of E.coli (Kawaguchi,S., personal communication). Therefore, the compactness of T.thermophilus proteins may be related to their stability.
The secondary structures of the MutM homologues were predicted (Fig. 2) on the basis of the observation that the 3-dimensional structures of homologous proteins are almost identical (51) . The α-helical and β-sheet contents of the MutM proteins were estimated to be 36 and 14%, respectively, which agreed well with the values predicted from CD measurements of T.thermophilus MutM protein (31 and 17%, respectively). It should be noted that the predicted secondary structure around the C-terminal zinc finger motif is characteristic. Its predicted structure was composed of some β-sheets and zinc. In addition, a sheet was contained within the loop region formed by the solitary zinc-binding site. This predicted structure seemed to be very similar to the nucleic acid binding motif in eukaryotic transcriptional elongation factor TFIIS (52) . Therefore, this structure may be of help for understanding the DNA binding mode of the MutM protein, as an experiment using site-directed mutagenesis has suggested that the MutM protein utilizes its zinc finger motif in DNA binding (45) .
Up to now it has been unclear whether the MutM protein has a domain structure. The denaturation curve of the T.thermophilus MutM protein suggested that the protein has at least two domains. This seemed probable because the measured values were well fitted by the theoretical curve for a three-state model (Fig. 5C ). It has been demonstrated that the N-terminal Pro residue of the MutM protein acts as a nucleophile in the glycosylase and AP-lyase reactions (22) . Therefore, it may be considered that one domain of the MutM protein including the N-terminal Pro residue has this activity and that the other, including the C-terminal zinc finger motif, is a DNA binding domain. In addition, thermodynamic analysis suggested that most T.thermophilus MutM molecules existed as an intermediate state in the presence of 5 M urea (Fig. 6) . Therefore, enzymatic analysis of the T.thermophilus MutM protein in these conditions might yield important information about domain-function relationships. A detailed study of the domain structure of T.thermophilus MutM protein will be reported elsewhere.
In this study, we have demonstrated that T.thermophilus MutM protein is physically stable. This high stability of the protein is useful for analyzing its reaction mechanism in detail. Crystallization of T.thermophilus MutM protein is now underway. X-ray crystallographic analysis of the protein with and without damaged DNA should help to clarify the mechanism of lesion recognition at the atomic level. The stable MutM protein will be a useful aid to understand the molecular mechanism of base excision repair of GO lesions.
